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The 23Na(α, p)26Mg and 23Na(α, n)26Al reactions are important for our understanding of the 26Al
abundance in massive stars. The aim of this work is to report on a direct and simultaneous measure-
ment of these astrophysically important reactions using an active target system. The reactions were
investigated in inverse kinematics using 4He as the active target gas in the detector. We measured
the excitation functions in the energy range of about 2 to 6 MeV in the center of mass. We have
found that the cross sections of the 23Na(α, p)26Mg and the 23Na(α, n)26Al reactions are in good
agreement with previous experiments, and with statistical model calculations.
I. INTRODUCTION
The importance of the radioisotope 26Al in the fields of
γ-ray astronomy and chemical cosmology has been well
established over the past few years. The γ-rays from
the decay of 26Al are direct evidence for the continu-
ing nucleosynthesis in stars providing a unique way of
testing the predictive power of theoretical stellar models.
Since the half-life of 26Al (7.2× 105 years) is small com-
pared to the time scales of Galactic chemical evolution
(≈ 1010 years), the 26Al found in the interstellar medium
is the outcome of relatively recent nucleosynthesis in the
Galaxy. 26Al can be traced by measuring the 1.809 MeV
γ-ray line associated with its radioactive decay. A com-
plete sky map of the corresponding γ-ray emission has
been produced using data gathered by instruments on
board the COMPTEL [1] and INTEGRAL [2] satellites.
Although the precise source of 26Al is not completely
understood, the observations by COMPTEL and INTE-
GRAL showed that the 26Al distribution is confined to-
wards the Galactic disk, which strongly suggest massive
stars (M > 8M) as one of the most likely production
sites.
Sensitivity studies performed by Iliadis et al. [3] used
around 900 nuclear reaction network calculations to de-
termine the nuclear reactions that affect the 26Al abun-
dance in massive stars. In their work, three different mas-
sive star sites were investigated: explosive neon-carbon
burning, convective shell carbon burning and convec-
tive core hydrogen burning. The 23Na(α, p)26Mg reac-
tion, along with four other reactions, were suggested
as prime targets for experimental measurements. The
23Na(α, p)26Mg reaction is an important proton source
for producing 26Al from 25Mg. Improved experimentally
determined reaction rates for the 23Na(α, p)26Mg reac-
tion were needed at about 2.3 GK for explosive Ne/C
burning and 1.4 GK for convective shell C/Ne burning.
Although the 23Na(α, p)26Mg reaction was measured in
∗ mavila@anl.gov
Refs. [4, 5], the authors of Ref. [3] did not considered
the data reliable, due to problems associated with degra-
dation of the NaCl targets used in the experiments, and
the reaction rates used in their calculations theoretically
estimated.
In Ref. [6], the 23Na(α, p)26Mg reaction was measured
in inverse kinematics using 23Na beams of different en-
ergies impinging on a cryogenic 4He gas target. This
study reported a reaction rate which was higher than the
recommended rate by about a factor of 40. This result
would have significant implications for the 26Al produc-
tion, suggesting that the abundance of 26Al was larger
by a factor of about 3. More recently, this reaction was
re-measured [7, 8]. The experiment reported in Ref. [7]
used inverse kinematics with a 23Na beam impinging on
a 4He gas target, similar to the experiment of Ref. [6].
The measurement of Ref. [8] was performed in normal
kinematics with a 4He beam of energies between 1.99
and 2.94 MeV bombarding a carbon-backed NaCl tar-
get. The measurements of Refs. [7, 8] were found to be
in good agreement with each other and with statistical
model calculations, however they were in disagreement
with the large cross sections found in Ref. [6]. Due to
these discrepancies, the data of Ref. [6] was reanalyzed
and an error in the normalization was found [9], which
overestimated the cross section by a factor of 100. The
corrected cross section are in agreement with the results
reported in Ref. [7, 8]. The goal of the present work was
to repeat the measurement with an independent tech-
nique, using an active target and detector system that
measures both the 26Mg recoils from the 23Na(α, p)26Mg
reaction and the incoming 23Na beam with the same de-
tector, removing the need for a normalization common
to all previous measurements.
Another important process in nuclear astrophysics is
the 26Al(n, α)23Na reaction which is one of the dominant
destruction mechanisms of 26Al. The sensitivity studies
performed in Ref. [3] have reported a strong dependence
of the 26Al yield on this reaction. The experimental ef-
forts measuring this reaction, have mainly focused on
the time-inverse 23Na(α, n)26Al reaction. This is primar-
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2ily because of difficulties associated with the fabrication
of a radioactive 26Al target. Therefore, the study of the
23Na(α, n)26Al reaction contributes to our understanding
of the 26Al abundance. Refs. [10] and [11] reported on
the study of the 23Na(α, n)26Al reaction and applied the
principle of detailed balance to obtain the contribution of
the 23Na(α, n0)
26Al reaction. A disadvantage of study-
ing the time-inverse reaction is that it only provides in-
formation of the ground state transition of 23Na and con-
tributions from excited states have to be calculated using
theoretical models. However, the study of this reaction
can be used to apply constrains to the 23Na(α, n)26Al
reaction.
In the present work the 23Na(α, p)26Mg and
23Na(α, n)26Al reactions are measured simultaneously.
Thus, problems related to different detection systems,
efficiencies and normalization of the cross sections are
avoided.
II. EXPERIMENTAL SETUP
The experiment was carried out at the ATLAS accel-
erator at Argonne National Laboratory. The data have
been measured using a Multi-Sampling ionization Cham-
ber (MUSIC) detector with a close to 100% detection
efficiency. This detector has been previously used for
measurements of fusion reactions of astrophysical inter-
est [12]. MUSIC is an active target system with 18 anode
strips allowing the measurement of an excitation function
covering a large energy range. A full description of the
detector and a more detailed explanation of the opera-
tion principles can be found in Ref. [12]. The technique
for the measurement of α-particle induced reactions has
been benchmarked with the 17O(α, n)20Ne reaction for
which cross sections can be found in the literature [13].
More details about the data analysis of (α, p) and (α, n)
reactions (including the 23Na+4He system discussed in
the present work) as well as verification of the technique
will be published in a separate paper [14].
The experiment was performed in inverse kinematics
using 23Na beams with energies of 51.5 and 57.4 MeV,
and intensities up to 5000 particles/sec. To reduce the
beam intensity, a series of pepper-pot attenuators [15]
and the ATLAS beam sweeper, which increased the pulse
period of the beam from 82 ns to 41 µs, were used. The
beam was delivered to the MUSIC detector which was
filled with 403 and 395 Torr of 4He gas for the lower
and higher energy measurement, respectively. With these
combinations of energies and pressures, an energy range
in the center of mass of Ec.m. = 2.2-5.8 MeV was cov-
ered. In this energy range, both (α, p) (Q = 1.820 MeV)
and (α, n) (Q = −2.967 MeV) channels are open, allow-
ing us to measure the 23Na(α, p)26Mg and 23Na(α, n)26Al
reactions simultaneously.
The separation of events from the two reactions is per-
formed by analyzing the differences in the energy loss
(∆E) of the reaction products in each strip of the de-
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FIG. 1. (Color online) Energy-loss signals measured in the 18
strips of the MUSIC detector for events of the 23Na(α, n)26Al
(blue), 23Na(α, p)26Mg (red) and 23Na(α, α′)23Na (gray) re-
actions occurring in strip 4. The black lines originate from
the 23Na beam.
tector. For example, the ∆E for reactions occurring in
strip 4 for a one-hour run from the higher beam energy
measurement can be seen in Fig. 1. In this figure, four
groups of traces with different ∆E values, which originate
from the 23Na beam (black), the (α, p) reaction (red),
the (α, n) reaction (blue) and from elastic and inelastic
scattering reaction (gray), are visible. For a better visu-
alization only the first 25 events of the (α, α′) reaction
are shown. The energy of the 23Na ions passing through
strip 0 was about 39 MeV and for a pressure of 395 Torr
the beam was almost stopped at strip 16, as can be seen
in Fig. 1. The experimental traces seen in Fig. 1 are in
agreement with simulated traces [14].
To improve the separation of the three reactions we
have averaged the ∆E values over a certain number of
strips following the strip where the reaction took place,
as explained in Ref. [14]. The average is called Avn
with n indicating the number of strips used to calculate
the average. In Fig. 2, a two-dimensional plot of a five-
strip average (Av5) against a four-strip average (Av4)
for the whole 1.5 days long run is shown. The sharp cut
seen in this figure at 2.3 MeV in the x-axis (Av5) is due
to a condition applied to the data in order to discard
the beam-like events. In this figure, the three groups
originating from (α, α′), (α, p) and (α, n) reactions are
clearly distinguishable.
With this approach the cross sections of the
23Na(α, p)26Mg and 23Na(α, n)26Al reactions have been
determined covering the energy range Ec.m. ≈2-6 MeV in
the center-of-mass frame. The normalization of the cross
section is performed by using the number of beam par-
ticles (black traces in Fig. 1) which are simultaneously
measured in the detector.
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FIG. 2. (Color online) Two-dimensional plot of ∆E val-
ues for events occurring in strip 4, averaged over five (Av5)
and four strips (Av4) in order to improve the separation of
events from the 23Na(α, α′)23Na, the 23Na(α, p)26Mg and the
23Na(α, n)26Al reactions..
III. RESULTS
The excitation functions of angle- and excitation-
energy- integrated cross sections of the 23Na(α, p)26Mg
and 23Na(α, n)26Al reactions were measured in two runs
lasting about 1.5 days each for the higher and lower en-
ergy, respectively. The results are presented in Fig. 3,
where the (α, p) data are shown by red circles for the
lower beam energy and by red triangles for the higher
beam energy. Similarly, the (α, n) cross sections are
shown by blue diamonds for the lower energy and blue
squares for the higher beam energy, respectively. The
uncertainties in the cross sections are statistical and the
uncertainties in the center of mass energy are due to the
energy range in each anode strip. The dashed lines are
the cross sections predicted for the two reactions by the
statistical model from Ref. [16] using the TALYS code.
The energy in the middle of each strip was calculated
using the energy loss values of the code SRIM (version
2008) [17]. If the energy loss values are taken from the
LISE++ prediction [18], there is an energy difference of
about 10% on average. For the data points seen in Fig.
3, an effective energy was calculated instead of using the
energy in the middle of each strip in order to take into
account the energy-dependence of the cross section. The
energy width of a given strip average the cross section
over ∼320 keV for the first strips and ∼500 keV for the
last strips in the center-of-mass system.
A. The 23Na(α, p)26Mg reaction
The 23Na(α, p)26Mg reaction was previously studied
in the energy range of about 1.7-3 MeV in the center-
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FIG. 3. (Color online) Excitation functions of the
23Na(α, n)26Al (blue) and the 23Na(α, p)26Mg (red) reactions
measured with the MUSIC detector for a beam energies of
51.5 and 57.4 MeV labeled as low energy and high energy,
respectively.
of-mass system. Our experiment overlaps with previous
measurements in the energy range of about 2-3 MeV. The
cross section obtained in this work is found to be in good
agreement with the experiments of Refs. [7–9] and with
the statistical model calculations of Ref. [16]. Moreover,
our experiment was able to extend the measurements to-
wards higher energies (up to 6 MeV) where no experimen-
tal data existed. In this energy region we again notice
that the cross sections measured are in agreement with
the statistical model calculations from Ref. [16]. A com-
parison of the 23Na(α, p)26Mg cross sections from this
experiment with previous measurements is presented in
Fig. 4.
Our work confirms the cross sections and the reaction
rates obtained in previous experiments and from statis-
tical models calculations.
B. The 23Na(α, n)26Al reaction
In our experiment we have measured the
23Na(α, n)26Al reaction together with the
23Na(α, p)26Mg reaction. Fig. 5 gives a compari-
son of the total cross section of the 23Na(α, n)26Al
reaction obtained in this work and previous measure-
ments by Norman et al. [10], Skelton et al. [11] and
statistical model calculations performed by Mohr [16].
While the cross sections of Refs. [10] and [11] are taken
in small energy steps (for Ec.m. <4 MeV), we have veri-
fied that the average of their data over the energy width
of an individual strips of the MUSIC detector agrees
with our measurement. Therefore, a good agreement is
obtained between the measurements of this study using
the MUSIC detector and previous experiments, as well
as with statistical model predictions. Although we have
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FIG. 4. (Color online) Excitation functions of the
23Na(α, p)26Mg reaction obtained in this work (red solid cir-
cles), in comparison with the results from Almaraz-Calderon
et al. [9] (blue triangles), Tomlinson et al. [7] (green open cir-
cles), Howard et al. [8] (magenta diamonds) and the statistical
model calculations from Mohr [16].
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FIG. 5. (Color online) Excitation functions of the
23Na(α, n)26Al reaction obtained in this work (blue squares),
by Norman et al. [10] (magenta circles), Skelton et al. [11]
(turquoise diamonds), and from Mohr [16].
not calculated the contribution from the ground state
of the 23Na(α, n)26Al reaction as it was done in Refs.
[10] and [11], our work confirm the total cross section
obtained in their work.
IV. SUMMARY
We have performed a simultaneous measurement
of excitation functions of the 23Na(α, p)26Mg and
23Na(α, n)26Al reactions, which are important for the un-
derstanding of 26Al production in massive stars. The
experiment was carried out making use of a MUlti-
Sampling Ionization Chamber and the advantages of
inverse kinematics, which gives ∼100% detection effi-
ciency of the reaction products. The cross sections
measured for these reactions were found to be in good
agreement with previous measurements and statistical
model calculations for both, the 23Na(α, p)26Mg and
23Na(α, n)26Al reactions. Furthermore, the cross sec-
tion of the 23Na(α, p)26Mg reaction was extended to
higher energies. Discrepancies of the cross sections for
the 23Na(α, p)26Mg reactions in previous measurements
have now been settled.
In addition, we have presented a technique to mea-
sure simultaneously excitation functions of angle and
excitation-energy integrated cross sections of (α, p) and
(α, n) reactions. Because the beam particles and the re-
action products are measured in the same detector, prob-
lems with normalization of the cross section are avoided.
This is an efficient way to study astrophysically impor-
tant reactions because a large range of the excitation
function for two different reactions is covered with a sin-
gle beam energy.
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